The objective of the present paper is to provide geochemical and palynological data to characterize lignites and carbonaceous shales from Panandhro, northwestern Kutch Basin, Gujarat, Western India, in terms of their hydrocarbon potential, thermal maturity, sequence stratigraphic settings and depositional palaeoenvironment. The samples, collected in Panandhro lignite mine, belong to Naredi Formation of Late Paleocene-Early Eocene age. The geochemical results are based on proximate analysis, ultimate analysis, X-ray diffraction and Rock-Eval pyrolysis analyses, whereas palynological data include palynofossil composition and thermal alteration index (TAI). The TOC, hydrogen index (HI), cracked hydrocarbon (S2), bitumen index (BI), quality index (QI), and the total genetic potential (S1+S2) values indicate that the studied lignites and carbonaceous shales have good source rock potential. The organic matter is predominantly of type II and type II/III kerogen, which has potential to generate oil as well as gas. Thermal maturity determined from thermal alteration index (TAI), T and production index (PI) indicates that the organic matter is immature, and in the diagenesis stage of organic matter transformation. The deposition of the studied carbonaceous shales and lignites took place in palaeoenvironments varying from brackish mangrove to freshwater swamp. This study indicates that the proportion of ferns, palms, volatile matter content, S/C, H/C ratios, as well as the presence of siderite and quartz can be used as an indicator of accommodation trends in the coal depositional system. The Panandhro carbonaceous shales and lignites were deposited during the lowstand systems tract with many cycles of small magnitude trangressive-regressive phases. Thus, the geochemistry and ecological palynology are useful not only for the investigation of coal quality and origin, but also to infer accommodation space settings of the mire. This can be gainfully utilized in the coal industry for coal mine planning, development and exploitation, because of the predictive ability to infer changes in stratigraphy and coal quality.
Introduction
The Panandhro lignite mine (23˚41' N 68˚45' E) is situated at the northwestern part of Kutch, Gujarat, India ( Figure 1 ). Black shale facies comprising carbonaceous shales and lignites are locally developed on post trappean (Deccan trap) topography in Panandhro. Previous studies on petrology of Panandhro lignites were reported by Singh and Singh (2005) [1] , and the palynological studies of Panandhro lignites by Misra and Navale (1992) [2] provided information of the flora and palaeoenvironment. However, up to now no studies have addressed the hydrocarbon potential and accommodation space settings of the Panandhro lignites and carbonaceous shales. This work presents the petroleum source rock potential, thermal maturity, sequence stratigraphic settings, and depositional environment of the Panandhro lignites and carbonaceous shales based on integrated geochemistry (proximate analysis, ultimate analysis, X-ray diffraction, and Rock-Eval Pyrolysis), and palynology. The proximate and ultimate analysis has been used mainly to infer the quality of coals. In these analyses, the ash yields and sulfur contents [3, 4] have been used to understand the depositional palaeoenvironment as well. In this study, the utility of various other components of the proximate and ultimate analysis has been investigated to infer their response to the variation in accommodation space conditions. In addition, ecological palynomorphs and X-ray diffraction have been used to study the cyclic response of ecological palynomorphs and minerals to changes in accommodation space and their facies. 
Geology of the area
The Kutch basin is an elliptical-shaped pericratonic shelf basin with well developed Tertiary strata over volcanic Deccan Traps. The basin extends far to the west into the present continental shelf area [5] . The Tertiary sediments are developed in the western part of this basin with a major part occurring in the offshore region. Biswas (1992) [5] have studied in detail the Tertiary sediments of the Kutch Basin. A geological map of the northwestern part of Kutch is given in Figure 2 . The Panandhro lignite of the Naredi Formation, which is dominantly argillaceous, overlies directly Deccan Trap volcanics in the study area. The age of the Naredi Formation is Late Paleocene to Early Eocene. The Naredi Formation comprises of a shale member (carbonaceous shales and lignites), a limestone member and a claystone member [5] . Organic rocks consisting of lignite and carbonaceous shale occur in a small isolated and partially closed basin like structure (3 km width) created by post trappean (Deccan trap) topography. Lignite occurs as a multiple bed with fingering intercalations of carbonaceous shale. The thickness range is from 0.10 to 12 m forming a composite seam, while the overburden thickness varies from 8 to 17 m. 
Methods
Fifteen samples of lignites and carbonaceous shales were collected from a working section of the Panandhro mine. The sampling interval ranged from 0.3 to 0.8 m depending on the thickness of the lignite and carbonaceous shale. The geochemical analyses were carried out on the bulk samples, and the results were plotted with depth. For ultimate and proximate analysis, samples were crushed to 72 mesh size. Representative samples were taken by the coning and quartering method. The proximate and ultimate analyses were carried out according to Bureau of Indian Standards [6, 7] . The organic carbon, hydrogen and total sulfur were determined on a CHNSO elemental analyser (model FLASH EA 1112 series of Thermo Finnigan) at Sophisticated Analytical Instrument Facility (SAIF), IIT Bombay. The organic carbon contents were measured on the same instrument on samples pretreated with concentrated hydrochloric acid. Generally the atomic H/C ratio is determined from the extracted organic matter, free from the influence of inorganic components, to classify the kerogen and type of organic matter. Here the bulk samples have been used to determine atomic H/C and S/C ratio. The atomic H/C ratio and S/C ratio of bulk samples has been used to study the depositional environment and depositional trend and to investigate relative influence of the inorganic components on organic matter. Another objective is to develop a database for future references to compare between the bulk sample H/C ratio and extracted organic matter H/C ratio to better understand changes in depositional environment and control the amount and type of organic matter with reference to the inorganic matter. The proximate analysis was carried out at the Central Fuel Research Institute, Nagpur Unit.
Sample preparation for X-Ray diffraction analysis was carried out according to the standard procedure [8] to identify mineral phases. X-Ray diffraction analysis was carried out on samples of the lignites and carbonaceous shales, pretreated with H 2 O 2 to remove the effect of organic matter interference as per the standard. The treated samples were scanned by a X-ray diffractometer (Rigaku Geigerflex, Rigaku Denki Co. Ltd; Japan).
Characterization of the dispersed organic matter was performed using a Rock-Eval Delsi II pyrolyzer [9] . Small amounts (∼100 mg) of the powdered rock samples were pyrolysed under an inert He-atmosphere according to a specific time/temperature program. In this study the CO 2 content coming from the cracking of kerogen (S3-peak) is not taken into consideration because of the early decomposition of carbonate minerals below the CO 2 trapping temperature of 390˚C due to mineral matrix effects. This produces additional CO 2 , which leads to elevated oxygen indices [10] . The total organic carbon (TOC) contents were measured in the same way after removal of the inorganic carbon with 24% hydrochloric acid.
For the palynomorph study a total of 15 samples were processed in several steps according to standard methods [11] . Accordingly, samples were treated with HCl to remove carbonates, HF to remove silicates, Schulze's solution for oxidation, and KOH to remove humic substances. Samples were considered representative if counts are above 70-100 specimens [12] . The samples having palynomorphs above 100 grains have been counted and used for the quantitative study and remaining samples have been used qualitatively.
Results and Discussion
The results of ultimate, proximate, X-ray diffraction and rock-eval pyrolysis results are shown in the Table 1 . The bulk geochemical analysis results were plotted with the studied lithologic section as shown in the Figure 3 . The results of the hydrogen index and T were plotted to characterize the type of organic matter in the lignite and carbonaceous shales with their state of maturation (Figure 4) . Results from the organic carbon (C ) and elemental hydrogen of bulk samples from CHNSO analyzer with TOC and hydrogen index of bulk samples from LECO analyzer and Rock-eval analysis were correlated (Table 1 ; Figure 5A , B). Stratigraphic distribution of palynofossils from the carbonaceous shales and lignites of Panandhro has been shown in Table 2 , and the quantitative palynological result based on some selected samples is shown in Figure 6 .
Geochemistry
The lower carbonaceous shale is 1.2 meter thick (samples O and N), black in colour and directly overlies the Deccan Trap succession. The samples from this lower carbonaceous shale contain organic carbon (18.1% to 18.9%), hydrogen (3.1% to 3.3%), sulfur (4.9% to 5.5%), H/C (2.07 to 2.1), S/C (0.098 to 0.115), volatile matter (26.4% to 27.7%), and ash (46.2% to 47.7%) ( Table 1) . The minerals present in lower carbonaceous shale are clay minerals, pyrite and quartz (Table 1) .
Atomic S/C ratio increases towards the upper part of the lower carbonaceous shale indicating an inverse relationship between the organic carbon and sulfur (Table 1) . This indicates that sulfur is not related to the organic carbon. The occurrence of pyrite further corroborates it. The higher ash content [3] , which represents inorganic component, and the lower volatile matter content in the samples indicate relatively higher accommodation space conditions during the deposition of the lower carbonaceous shale. The hydrogen content in the studied samples of the lower carbonaceous shale is comparatively low (Table 1) . This indicates organic matter with a low hydrogen content. The frequency of sulfur, pyrite [3, 13] and atomic S/C ratio indicates brackish or marine influence. The palynological data containing foraminiferal linings and mangrove pollens [12] further supports this interpretation ( Table 2) . 
The lower lignite is 3.4 meters thick (samples M, L, K, J and I) and overlies the lower carbonaceous shale. This lower lignite unit contains organic carbon (16.7% to 44.3%), hydrogen (3.3% to 4.5%), sulfur (0.7% to 3.4%), H/C (1.15 to 2.43), S/C (0.012 to 0.054), volatile matter (33.8% to 41.5%), and ash (9.2% to 33.6%) ( Table 1 ). The minerals comprising this lower lignite are clay minerals, chlorite, pyrite, barite, aragonite and calcite ( Table 1 ).
The relatively lower ash and higher volatile matter content in the samples indicate lower accommodation space conditions during the deposition of the lower lignite. In this lignite the geochemical parameters does not show any trend with respect to their organic carbon, sulfur, hydrogen, ash, and volatile matter contents (Table 1) . These indicate fluctuating accommodation space during deposition. The higher sulfur content, ash [3, 13] and mangrove pollen in the sample L indicates brackish or marine influence in the mire (Table 1 and 2). Coals that are covered by marine clastic rocks are rich in sulfur [3, 13] .
The middle carbonaceous shale (0.6 m thick, samples H and G) shows a very similar trend to the lower carbonaceous shale. This middle carbonaceous shale unit contains the organic carbon (8.5% to 8.8%), hydrogen (2.4% to 2.7%), sulfur (3.3% to 4.2%), H/C (3.41 to 3.69), S/C (0.14 to 0.186), volatile matter (22.6% to 23.2%), and ash (60.4% to 61.3%) ( Table 1 ). This unit contains clay minerals, pyrite, calcite, sphalerite and quartz ( Table 1 ).
The comparatively higher ash content and lower volatile matter content indicate higher accommodation space conditions during the deposition of the middle carbonaceous shale. The accommodation space was comparatively stable as shown by less variability in the content of ash and volatile matter ( Table 1) . The sulfur content, pyrite [3, 13] and atomic S/C ratio indicates brackish or marine influence. The palynological data containing mangroves pollens [12] further corroborate this interpretation (Table 2 ; Figure 6 ).
The upper lignite unit is 2.4 meters in thickness Figure 3 ). This unit contains the organic carbon (26.4% to 45.6%), hydrogen (4.2% to 4.7%), sulfur (0.2% to 1%), H/C (1.12 to 2.13), S/C (0.004 to 0.015), volatile matter (39.2% to 47.4%), and ash (8.5% to 9.2%) ( Table 1 ). The upper lignite samples contain clay group minerals, anatase, calcite, quartz, and feldspar ( Table 1 ).
The comparatively lower ash content and the higher volatile matter content in the studied samples suggest lower accommodation space condition during the deposition of the upper lignite (Table 1) . These values also suggest relatively stable accommodation space conditions. The higher hydrogen content of the upper lignite samples indicates hydrogen rich organic matter.
The upper carbonaceous shale is brown in colour and 1.6 meters in thickness (samples C, B and A). The samples from this upper carbonaceous shale contains organic carbon (6.7% to 9.6%), hydrogen (2.3% to 2.5%), sulfur (0.1%), H/C (3.2 to 4.37), S/C (0.007 to 0.009), volatile matter (21.6% to 22.6%), and ash (66.2% to 69.3%) ( Table 1 ). The upper carbonaceous shale contains clay minerals, siderite and quartz (Table 1 ).
The comparatively higher ash and lower volatile matter content suggest higher accommodation space condition during the deposition of the upper carbonaceous shale. The presence of siderite, low sulfur and S/C ratio in the upper carbonaceous shale samples indicates freshwater accommodation medium (Table 1 ). The palynological data showing the presence of fern palynomorphs further support this ( Figure 6 ). The presence of quartz in the upper carbonaceous shale suggests terrestrial influence.
Source Rock Potential
Total organic carbon (TOC wt. %) is a measure of the organic carbon in a rock, expressed as weight percent, used as fundamental parameter in classifying source rocks in conjunction with kerogen type and maturation [14] . TOC content of the lignite and carbonaceous shales is between 9.17 and 57.90% (Table 1) . These values indicate very good source rock potential [15] . But TOC content alone can not be taken as only indicator of source rock potential. The hydrogen content, thermal maturity, thickness and areal extent of the source rock are also an important factor in the investigation of the source rock potential. S1 hydrocarbons are the free hydrocarbons thermally liberated at 300 C. S1 values of Panandhro lignites and carbonaceous shales are minimum 0.35 and maximum 14.21 mg HC/g rock (Table 1 ). These hydrocarbon yields indicate weak to good source rock potential [15] .
The Bitumen Index (BI) [16] and Quality Index (QI) [17] were determined further to evaluate the results ( [19] based on plots of hydrogen index (HI) against Rank (Sr) and T , inferred that as coals mature towards oil expulsion, their apparent potential to generate hydrocarbons (S2) increases. This results an increase in HI from Rank (Sr∼4, T ∼400-420 C, Ro∼0.35-0.4%) to a peak near the onset of oil expulsion at Rank (Sr∼11.12.5, T ∼430-440 C, Ro∼0.65-0.85%).
The samples from Panandhro mine are similar with the New Zealand coal band category [19] ; where as the samples with the highest HI and TOC are similar with the worldwide data set [20] . Sykes and Snowdon (2002) [19] attributed the increase in HI to the re-incorporation of hydrogen rich, volatile components into coal. This interpretation underestimates the variability in the maceral composition of coals and their relative thermal reactivity, and hydrocarbon generation kinetics of the macerals and maceral groups, and kerogen. It is important to note that above discussed rank zone (Rm∼0.5%) also marks the first coalification jump of liptinites, during which alteration of lipid constituents begins [21] . The liptinite macerals are rich in hydrogen and volatile matter contents. Bailey (1981) [22] showed that during the organic matter maturation sapropelic kerogen releases hydrocarbons faster, more completely at lower levels of maturity than humic kerogen. Hunt (1996) [18] [24] .
The relationship between the results of TOC and hydrogen index (HI) from Rock-Eval Pyrolysis analysis and between organic carbon and element hydrogen from CHNSO analyzer has been compared ( Figure 5A , B). The result from both analyses has shown the broad similarity between higher TOC versus hydrogen index, and organic carbon versus elemental hydrogen. In both results the higher organic carbon content samples have higher hydrogen index and hydrogen values. This indicates that in general, organic matter with higher TOCs has higher hydrogen content. This relationship has been also observed in the Lower Permian bituminous coal samples of Wardha Valley coalfields [25] . This relationship is due to a certain fixed carbon to hydrogen ratio of each basic molecular building block like carbohydrates, proteins, lignin and lipids which forms the organic matters. Due to this as carbon content is increases the content of hydrogen also increases.
Plot of results of hydrogen index with volatile matter content of the studied samples of lignites and carbonaceous shales indicates a broad relationship (Figure 7 ). Higher volatile matter content samples have shown the relatively higher hydrogen index ( Figure 7 ). This indicates that the samples are relatively rich in liptinite macerals, which have higher volatile matter content. On the contrary, sulfur and TOC have shown a broad inverse relationship. Higher TOC contents samples have shown the lower sulfur content and vice-versa ( Figure 8 ). This indicates that sulfur content in those samples is not related to the organic matter and is external in origin. Higher sulfur content with higher ash in carbonaceous shale indicates saline water (marine) control on sulfur formation as discussed earlier.
The occurrences of pyrite (Table 1 ) further corroborate this inference that these sulfurs are inorganic. A plot of the TOC content, free hydrocarbons (S1), and cracked hydrocarbons (S2) is shown in Figure 9 . S1 is comparatively low in all lignite and carbonaceous shale samples. S1 values show slight increase with increased TOC content ( Figure 9 ). This indicates relatively more release or presence of free hydrocarbons (S1) in the analyzed samples with higher TOC values. S2 (cracked hydrocarbons from kerogen) indicates increasing trend with increasing TOC contents of the lignite and carbonaceous shale samples ( Figure 9 ).
A plot of the T C, free hydrocarbons (S1), and cracked hydrocarbons (S2) is shown in Figure 10 . S1 values do not show any variability with the T values ( Figure 10 ). The majority of the studied samples of lignite and carbonaceous shale indicate maximum generation of S2 (cracked from kerogen) hydrocarbons between 410 and 420 C (Figure 10) . A plot of results of T with HI and S2 values (Figure 11 ) of lignites and carbonaceous shales suggest that higher S2 (cracked from kerogen) hydrocarbons are associated with higher hydrogen index values between T values of 410 C and 420 C (Figure 11 ). This indicates and corroborates earlier assumptions [18] that higher hydrogen content organic matter generates relatively more hydrocarbons. Lower amount of S1 (free hydrocarbons) in the studied samples indicates that organic matter is thermally immature, as with increasing thermal maturity, S1 (free) hydrocarbons increase and S2 (cracked) hydrocarbons decrease [18] (Figure 12 ). Correlation of the cracked hydrocarbons (S2) (Figure 12 ) with ash% and TOC% indicates a positive relationship between S2 and TOC, while a negative relationship between S2 and ash content. As the ash content, which represents inorganic components, is increasing, the amounts of cracked hydrocarbons (S2) are decreasing (Figure 12 ).
Type of organic matter
The plot of hydrogen index and T indicates that only three samples (samples H, N and O) from the middle and lower carbonaceous shales were found to contain Type III kerogen organic matter, which has the potential to generate gas and condensate (Table 1, Figure 4 ). Seven samples from upper carbonaceous shale and lignites are located at the transition between Type III and Type II kerogen organic matter which has potential to generate more oil and gas comparatively than three samples of type III kerogen. Five samples from the lignites and middle carbonaceous shale were found to contain Type II kerogen organic matter, which has the potential to generate both oil and gas (Figure 4 ). The Panandhro lignites contain an average 80% huminite macerals, 17% liptinite macerals and 3% inertinite group macerals [1] . Coals having liptinite content above 15% have the potential to generate and release oil as well as gas [18] . The correlation between the liptinite content and the hydrogen index values indicates that the type II kerogen is due to enrichment of these 17% liptinite macerals. This also indicates that in a source rock study, based on only maceral, enrichment of the liptinite macerals above 15% can be considered as a type II kerogen which has potential to generate oil as well as gas.
Thermal Maturity
Even though the source rocks possess adequate total organic content and suitable kerogen type, they cannot generate oil or gas without sufficient a time interval or depth of burial or thermal exposure. Maturity is a measure of the time-temperature history experienced by the organic matter. Thermal maturity of the organic matter has been determined by T values with its calibrated vitrinite reflectance curve, Production Index (PI) and Thermal Alteration Index (TAI).
A low value of T (<430 C) and PI (<0.1) from the studied lignite and carbonaceous shale samples indicates that organic matter is immature and in the diagenesis stage of organic matter transformation [18] . T values are between 405 to 429 C and Production Index (PI) values are between 0.03 to 0.1 ( Figure 4 , Table 1 ). These values indicate that all the organic matter is immature and in the diagenesis stage of organic matter transformation. Thermal Alteration Index, based on the colour of the palynomorphs, has proved to be a rapid and reliable technique to measure thermal maturity of organic matter. Generally, these colour changes are from colourless, yellow to orange to brown to black, with increasing thermal maturity [18] . The TAI scale of Staplin [18] , which is from 1 to 5, has been used to investigate the maturity level of the organic matter. Evaluation of colour of palynomorphs indicates TAI values between 1 and 2. These TAI values also indicate immaturity of the organic matter. The calibrated vitrinite reflectance value is below 0.5% (R 0 ) (Figure 4) . Singh (2002) [26] has reported the maturity of Panandhro lignites with average R 0 values between 0.39% and 0.40%, which also indicates the immature state of organic matter. All these values suggest towards the thermally immature organic matter in the studied samples. The effective oil window would begin at R 0 equal to 0.65 for Tertiary H-rich coal after Petersen (2006) [20] .
Hydrocarbon potential of Kutch Basin
Source rock studies have been conducted, by the Directorate General of hydrocarbons [27] on samples from onland wells Banni-2, Nirona-1, Lakhpat-1, Suthri-1 and the offshore wells in Kutch Basin. The geochemical data of outcrop samples and onland wells indicate that Upper Jurassic to Lower Cretaceous stratigraphic units, in the western onland part of the basin, contain good source rocks with TOC as high as 10% and T suggesting adequate maturity. The organic matter is of type II and III. The productivity index of the Mesozoic outcrop samples indicates migrated hydrocarbons. The outcrop samples from the western onland part of the basin indicate that Eocene and Oligocene sediments contain type III and type II mixed Kerogens with TOC ranging from 0.54% to 3.45% [27] .
Geochemical data from the offshore wells reveal that fair oil-prone and mature source rocks are present in the shale units of Upper Cretaceous and Paleocene sequences in the eastern offshore part of the basin. Studies on subsidence history, temperature and thermal maturation indicate that oil generation in these sequences began relatively recently, i.e. around 5-10 Ma (Late Miocene). Eocene shale with adequate TOC and mature, type II and III organic matter started generating hydrocarbons around 8 Ma in the region of the Kori-Comorin depression and the KoriComorin ridge. This sequence is presently in peak oil generation phase [27] . Oil-source correlation indicates a close similarity between the oil of KD structure and the extracts from Eocene sediments of well GKH-1 suggesting that the Kori-Comorin depression and the deep depression in the region between structures KI and KD form effective charge areas. The oil pool of KD structure, the gas pools of GK-29A and GK-22C structures, and mild bubbling of combustible gas containing C1 to C6 components during testing a limestone reservoir of Middle-Late Jurassic age (Jumara Formation) in the onland well Lakhpat-1, confirm the generation of hydrocarbons in the Kutch Basin [27] . The gas pools were struck in GK-29A and GK-22C structures in sandstone reservoirs of Paleocene and Late Cretaceous age respectively, whereas oil was struck in KD structure in Middle Eocene limestone and siltstone reservoirs [27] .
These data on comparison with Panandhro lignite and shale data suggest that Eocene equivalent offshore organic rocks have in the catagenesis stage may be due to enough geothermal exposure with relatively deeper depth of burial, but Panandhro lignite and shale have not experienced enough geothermal heat, may be due to shallow burial depth, and are still in the immature stage. This data may be further useful to define the optimum burial depth of various source rocks and favorable geothermal condition, in Kutch Basin, for finding the generated/generating source rocks and tracking the migration pathway of generated hydrocarbons to a reservoir.
Palynology
The quantitative palynological result of the major palynofossil groups (spores, pollens, fungal spores, foraminifera linings) shows that pollen palynofossils are the dominant group present in all the samples of lignites and carbonaceous shales, except in sample F of lignite where it is comparatively less than the fungal spore component (Figure 6 ). Next to pollen, spore palynofossils are the next dominant group present in the studied samples of lignites and carbonaceous shales. In samples F of lignite and N of carbonaceous shale spore amounts are comparatively less than the amounts of fungal spore. In sample N of carbonaceous shale, foraminiferal linings are the dominant group next to the pollen group ( Figure 6 ). Poumot (1989) [28] introduced the concept of a pollen cycle, which he connected to changes in sea level oscillations and showed that eustatic and climate cycles are closely related and so variation in coastal plant communities can be followed through plant assemblages. This ecological palynology approach is based on the concept of Poumot, but it also includes other groups, based on the ecological approach of Rull (1998) [29] . The inclusion of other ecological palynomorphs in the investigation helps further to get more detailed information on the palaeoflora of any region and the mutual influence of palaeofloral groups, climate, and depositional trend on each other. The ecological palynomorphs (mangroves, ferns, palms, forests, montane and unknown) have been used, in this study, to investigate their cyclic response to facies change. Ecological and botanical grouping of all species and genus are based on the works of Mandaokar (2000 Mandaokar ( , 2002 [30, 31] , Samant and Tapaswi (2001) [32] , Ramanujam (1987) [33] , Thanikaimoni et al. (1984) [34] , Graham (1998) [35] , Germeraad et al. (1968) [12] , Muller (1968) [36] , De Villiers and Cadman (2001) [37] and Hoorn (1994) [38] (Table 3 ).
Depositional palaeoenvironment
The palynological and geochemical characteristic of the lower carbonaceous shale indicates that during the Late Paleocene relative sea level was higher. This is evident by occurrence of foraminiferal linings, Spinizonocolpites sp., higher sulfur content and pyrite (Tables 1, 2 ; Figure 6 ). This indicates that lower carbonaceous shale was deposited in a brackish-mangrove environment [12] . Later, sea level decreased, creating a favorable depositional environment for growth of flora and vegetation and its deposition leading to the formation of the lower lignite. Sea level was fluctuating as evidenced by presence of Spinizonocolpites sp., higher ash, and sulfur in the middle of the lower lignite sample (Tables 1, 2; Figure 6 ). Higher amount of fern spores indicates its deposition in a freshwater swamp with intermittent sea water influx in the swamp. Middle carbonaceous shale deposited in brackish-back mangrove depositional environment [12] . This is evident by absence of foraminiferal linings, presence of Spinizonocolpites sp., higher ash, sulfur and lower amount of fern spores (Tables 1, 2; Figure 6 ). The upper lignite was deposited in a freshwater swamp free from marine influence as indicated by absence of foraminiferal linings, mangrove pollens and higher amount of fern spores. The upper carbonaceous shale was deposited during terrestrial flooding of freshwater in the mire as indicated by the absence of foraminiferal linings, mangrove pollens, and higher ash along with predominant siderite mineral and higher amount of fern spores (Tables 1, 2; Figure 6 ). Earlier, Stach et al. (1982) [3] reported the Miocene brown coal swamps of central Germany and the Pennsylvanian coals in the eastern and central United States as marine regressive coals. Pasley et al. (1991) [39] showed that the transgressive organic sediments have higher TOC and hydrogen in their organic matter compared with the regressive organic sediments. Our results indicate that the regressive organic sediments (lignites) have higher TOC, hydrogen index and liptinite macerals content compared with the transgressive organic sediments (carbonaceous shales). Thus, regressive cycles can also deposit good source rock.
Sequence stratigraphy
The workers of the Exxon research facility developed sequence stratigraphy from seismic stratigraphy in the 1970s [40] . The basic unit in sequence stratigraphy is the depositional sequence. Decreasing water depth triggers formation of the sequence boundaries. Thus, accommodation space in which sediments are deposited is controlled by the interplay of tectonics, sea level, sediment supply and climate. Coals generally have an in situ origin. So in coal sequence stratigraphy, instead of sediment supply, the rate of peat accumulation is the factor, along with tectonics, sea level and climate, which control the creation of accommodation space. For peat forming mires, the base level is very specifically the ground water table [41] . In coastal regions, the ground water table is related to sea level. Peat accumulation begins only after decreases in relative sea level reach a rate that is in equilibrium with the growth rate of plant material [4] . High-frequency changes in the balance between accommodation and peat production in the peat window should result in changes in the nature of the coaly rocks that are deposited. Higher accommodation rates should give rise to coaly shales and shaly coals with inorganic mineral contents in excess of 30%, as rapidly rising base level provides a mechanism for the transport of waterborne, detrital minerals into the mire [42] . Lower accommodation rates should result in the formation of limnotelmatic and ombrotrophic coal, with mineral content below 30 and 10%, respectively. An upward increase in mineral content (wetting upward successions) indicates an increasing accommodation rate. An upward decrease in mineral content (drying-upward successions) indicates a decreasing accommodation rate [43] . Though ash content is not equivalent to bulk mineral matter, it can be used instead of formula based determination of bulk mineral matter, which takes into account the loss of hydration of minerals, carbon dioxide and sulfur dioxide. These losses are variable in different types of coal, which are comprised of different types of macerals and contain different mineral assemblages. So it is useful in general, but specifically it can overemphasize or underemphasize the mineral matter content. In this study the ash content (ad basis) is used to infer the trends in accommodation change and mire settings. The ash content below 10% and 30% respectively has been used, instead of mineral matter to distinguish between the ombrotrophic and limnotelmatic type of coal mires. The geochemistry of coal is a sum of its organic and inorganic components, and so the geochemical data may also contain the imprints of the depositional conditions, depositional trend as well as the depositional environment. The coastal region is most sensitive to the influence of the continental and marine processes, therefore it can be used to study the change of the depositional processes and their indicators. Such indicators can be gainfully utilized in terrestrial as well as marine depositional systems. Various geochemical and palynological indicators of accommodation change have been summarized in the Table 4 . Palms of the genus Nypa have been observed to be restricted to brackish front/back-mangrove environments in the humid Indo-Malaysian tropics [12] . Coals that are covered by marine clastic rocks are rich in sulfur [3, 13] . The higher ash content, foraminiferal linings, mangrove pollen, sulfur, hydrogen, H/C, S/Cand relatively lower content of volatile matter content has been observed in the lower carbonaceous shale. These suggest that the deposition of the lower carbonaceous shale took place in a higher accommodation space condition and a brackish mangrove depositional environment (Tables 1, 2; Figure 6 ). The lower lignite deposited during relatively a lower accommodation space condition and regressive phase in the mire as identified by the higher frequency of fern spores (average 40.5%), volatile matter and the relatively lower frequency of palm (average 3%), sulfur, hydrogen, H/C and S/C (Tables 1, 2; Figure 6 ). The comparatively higher ash content (average 17.5%) suggests the limnotelmatic mire settings (representing a period of instability due to the increase in the influx of clastic material) during deposition of the lower lignite. Intermittent marine influence during the deposition of the lower lignite is evidenced by the presence of mangrove pollen, higher ash and sulfur content in the sample L of the lower lignite (Tables 1, 2 ).
The middle carbonaceous shale was deposited in a brackish back mangrove environment with higher accommodation space condition as evidenced by the higher frequency of mangrove pollen, palms, ash, sulfur, hydrogen, H/C, S/C and the relatively lower amount of ferns (30.7%), volatile matter and absence of foraminiferal linings (Tables 1, 2 ; Figure 6 ). Accommodation space was relatively low in comparison to the lower carbonaceous shale due to absence of foraminiferal linings along with other discussed factors as above.
The deposition of the upper lignite took place in a freshwater swamp environment and in lower accommodation space conditions as evidenced by the occurrence of fern spores (55%), volatile matter, and the lower frequency of palms (11.1%), sulfur (average 0.8%), hydrogen, H/C and S/C (Tables 1, 2; Figure 6 ). The average ash content (8.8%) of the upper lignite indicates an ombrotrophic mire setting.
The upper carbonaceous shale was deposited in a terrestrial freshwater swampy environment as identified by the occurrence of fern spores (average 36.1%), siderite and quartz and absence of mangrove and foraminiferal linings (Tables 1, 2; Figure 6 ). A relatively higher accommodation space condition has been inferred due to the higher content of palms (average 36.7%), ash (average 67.9%) and the lower amount of sulfur (0.1%), H/C, and S/C (Tables 1, 2 ; Figure 6 ).
The Naredi Formation is a sequence bounded by the unconformities [5] . The Naredi Formation comprises of shale member (carbonaceous shales and lignites), lime-stone member and claystone member. The shale member (carbonaceous shale and lignite) was deposited in brackish to freshwater (terrestrial) depositional environment as discussed in the earlier sub-section. The occurrence of Assilina spinosa, Lokhartia, Nummulites sp., Globigerina sp., and Globorotalia sp. in middle limestone member suggests deposition in a shallow marine inner shelf environment [5] . The upper claystone member was deposited in a regressive phase [5] . The Early Eocene marine transgression took place in the region leading to the deposition of this middle limestone member. The lower part of transgressive system tract (TST) has been considered to be the start up phase during which carbonate production starts after initial flooding event. During the middle to upper part of maximum flooding surface (MFS) of TST indicates the catch up phase during which carbonate production tracks rising sea level [44, 45] . Thus, the MFS marks the level between the catch up of TST and keep up phase of the highstand system tract (HST) of carbonate production. During the highstand, the shelf region may have become progressively thinned as the rate of formation of accommodation space slows, approaching the late highstand, leading to deposition of upper ferruginous claystone and sequence boundary. The ferruginous claystone in the upper part (above limestone) indicates regression. A red laterite bed caps the sequence and marks the unconformity [5] . As per the system tract setting, the HST is bounded by MFS at the bottom and unconformities at the top. The TST is bounded by maximum regressive surface (MRS) at the bottom and MFS at the top. Where as the lowstand system tract (LST) is bounded by the unconformities at the base and MRS at the top [45] . The above aspects and the position of the Panandhro carbonaceous shales and lignites in the Naredi Formation (in context of the shale member, limestone member and claystone member) and overall stratigraphic setup of the Naredi Formation indicates deposition during the lowstand system tract with many cycles of small magnitude trangressiveregressive phases. The sequence of the Naredi Formation can be correlated with a global sequence that extends from the uppermost Paleocene to the mid-Eocene [46] .
Use of accommodation space settings in coal mine development and production
Results show that the lower lignite and the upper lignite were deposited during a regressive phase in the mire. But, the quality of lower lignite (avg. 2% sulfur and 17.5% ash content) is comparatively low due to deposition in fluctuating accommodation space conditions (higher clastic influence), and the cover of brackish water deposited carbonaceous shales (marine influence). The quality of upper lignite (avg. 0.8% sulfur and 8.8% ash content) is relatively higher due to their deposition in a stable accommodation space conditions (low clastic influence) and the cover of terrestrial deposited upper carbonaceous shale (low clastic influence and non-marine). Thus, the use of sequence stratigraphy in coal provides an improved understanding of the coal deposits. The integration of the depositional trend with the quality parameters of coal deposits provides a very useful predictive tool in the field of coal mining. The simultaneous mining and blending of these upper and lower lignites can be used to increase the overall quality of Panandhro lignites and there by enhancing the quality and market value of these lignites. A similar approach can be used for the whole mines, taking into account accommodation space setting of each lithounit in space and time. Thus, an understanding of the accommodation space setting at each lithological unit can be very useful in the prediction of the quality of coals, and accordingly the planning, designing, development and production of the coal reserves.
Use of the quantitative ecological palynology in the study of coal origin
The lower lignite contains ferns, montane, mangrove, palms and forest ecological palynomorphs in decreasing abundance. However, the upper lignite has fern, and palms ecological palynomorph groups in decreasing abundance ( Figure 6 ). This indicates that the lower lignite has formed from the more diverse group of the ecological palaeofloras than the upper lignite.
Mishra and Navale (1992) [2] have reported the dominant contribution of the forest palaeofloras in the formation of the Panandhro lignites. However, this result does not corroborate the earlier conclusion. This study indicates that, among the above-discussed ecological palynomorph groups, the ferns have been the dominant contributor in the formation of Panandhro lignites. Thus, the use of quantitative ecological palynomorphs provides a relatively high resolution tool in the study of the origin of the coals.
Conclusions
The TOC, Hydrogen Index (HI), S2, bitumen index (BI), quality index (QI), and the total genetic potential (S1+S2) values suggest that the Panandhro lignites and carbonaceous shale have good source rock potential. The organic matter in the studied samples of lignite and carbonaceous shale are predominantly of Type II kerogen, which has the potential to generate both oil and gas. The three samples from the middle and lower carbonaceous shale con-tain Type III kerogen, which has the potential to generate gas. Evaluation of T , production index, thermal alteration index values indicates that the organic matter in the lignites and carbonaceous shales is immature, and in the diagenesis stage of organic matter transformation. A relationship between the TOC% content and HI and between Corg% and H% suggest that in general, the organic matter with higher TOC also has higher hydrogen content.
The lower carbonaceous shale was deposited in a brackish-mangrove environment. The lower lignite was deposited in a freshwater swamp environment. The higher ash content indicates the limnotelmatic mire condition during the lower lignite deposition. The middle carbonaceous shale was deposited in a brackish-back mangrove environment. The deposition of the upper lignite took place in a freshwater swamp environment. The low ash content indicates that ombrotrophic mire setting. The deposition of the upper carbonaceous shale took place in a freshwater swampy environment.
The Panandhro carbonaceous shales and lignites deposited during the lowstand system tract with many cycles of small scale trangressive-regressive phases.
Our investigation indicates that the ferns, palms, volatile matter, S/C, H/C, siderite and quartz can be used as an indicator to infer the accommodation change in the coal depositional system. The understanding of accommodation space settings of coal deposits at each lithological unit is useful in the coal mine planning, development and production. The quantitative ecological palynology is a useful tool in the study of the origin of coals.
